Abstract Profound alterations characterize the adaptive immune response in systemic sclerosis, and several layers of evidence support a prominent role exerted by immune cellular effectors and humoral mediators in the pathogenesis of this disease. These include (i) the presence of oligoclonal T cells in tissues undergoing fibrosis consistent with (auto)antigen-specific recruitment, (ii) the preferential expansion of polarized CD4+ and CD8+ T cells producing pro-fibrotic cytokines such as IL-4 and IL-13, (iii) the presence of increased number of cells producing mediators belonging to the IL-17 family, including IL-22, which may drive and participate in inflammatory pathways involving epithelial cells as well as fibroblasts, (iv) the deficient or redirected function of T regulatory cells favoring fibrosis, and (v) the enhanced expression of CD19 and CD21 on naïve B cells, and the upregulation of co-stimulatory molecules in mature B cells, which together with the increased levels of B cell activating factor (BAFF) underlie the propensity to an exaggerated humoral response possibly favoring fibrogenesis. Despite all the progress made in understanding the features of the aberrant immune response in scleroderma, it remains unclear whether the activation of immune effector pathways ultimately drives the disease pathogenesis or rather represents a defective attempt to limit or even reverse excessive extracellular matrix deposition and progressive vasculopathy, the main hallmarks of this disease.
Introduction
Systemic sclerosis (SSc) is characterized by three peculiar features including excessive deposition of extracellular matrix leading to fibrosis and organ dysfunction, vasculopathy with micro-and macro-vasculature damage causing hypoperfusion and hypo-oxygenation of the tissues, and finally autoimmunity, which reflects the coordinated activation of innate and adaptive immune responses. How these three features interconnected is a matter of intense ongoing research, and we do not have any definitive evidence establishing the hierarchical relationship between them. In particular, it is debated whether the activation of the immune system, including its inflammatory component, causes or is a consequence of the vasculopathy and fibrosis. The following points can be considered in favor of a prominent role of an aberrant immune response in the pathogenesis of SSc. (i) Histological studies indicate that an inflammatory infiltrate is present in very early stages of SSc, even before clinically overt vasculopathy and anatomical endothelial cell damage become established [84] .
(ii) T cells infiltrating the skin in SSc or present in the peripheral blood express an oligoclonal T cell receptor (TcR) repertoire suggestive of an antigen (possibly autoantigen)-driven response [55, 93] . (iii) Fibroblasts adjacent to dermal inflammatory infiltrate rich in T cells and monocytes show enhanced synthesis of collagen when studied by in situ hybridization This article is a contribution to the Special Issue on Immunopathology of Systemic Sclerosis -Guest Editors: Jacob M. van Laar and John Varga [29, 47, 100] . (iv) Genome-wide association studies, which are intrinsically unbiased, have identified several polymorphisms conferring susceptibility to SSc located, in the large majority, within gene relevant fore innate and adaptive immune responses [2, 14, 39, 40, 71, 85] . In this respect, it is important to emphasize how it has been known for a long time that certain HLA haplotypes are associated with SSc and that, more intriguingly, their alleles differ according to limited versus diffuse SSc subset, autoantibody status, ethnic background, and geographical location suggesting that the immune response may be set in motion by different antigens in individuals with different ancestries [7] . (v) While therapies based on conventional immunosuppressive agents have provided limited benefit to control fibrotic outcomes, intense immunosuppression followed by reconstitution of the immune system by autologous hematopoietic stem cells (HSCT) appears to be a strategy capable of reducing more rapidly and effectively skin fibrosis as well as stabilizing if not improving interstitial lung disease [18, 19, 111] . In addition, also, the underlying vasculopathy may benefit from aggressive immunosuppression [30] . (vi) Finally, SSc clinical features and autoantibody profile may overlap in a given individual with those of other connective tissue disorders (i.e., systemic lupus erythematosus) in which the autoimmune nature of the disease process has been widely accepted.
The adaptive or acquired arm of the immune system is mainly represented by T and B cells, which are provided with clonally variable antigen-binding receptors selected during cell maturation. After the encounter with the cognate antigens, these cells retain immunological memory and, in the case of B cells, can expand the repertoire of antigen (epitope) recognition, increase the affinity their receptors, and drive immunoglobulin isotype switching. As a rule, which particularly applies to autoimmune diseases, the adaptive immune response initiates only when cells of the innate immune system become activated and express molecules indicating danger. Thus, it is important to consider that also within SSc and other fibrotic disorders of autoimmune origin, the activation of the innate immune system chronologically precedes that of the adaptive system. The dialog between these two systems is mediated by cell-cell interactions as well as by soluble mediators, which clearly play an essential role to initiate and amplify the disease process. In this review, we will mainly focus on the role of T and B cell responses in SSc, delineating only some aspects of the innate immune response, which modulate T and B cell function.
T cells in SSc and fibrosis T cells are extremely heterogeneous in terms of T cell receptor (TcR) expression, effector function, and usage of their accessory molecules. While in previous decades, the research enquiry was devoted to study the main CD4+ helper and CD8+ cytolytic T cellular subsets as well as to the characterized T cell variants bearing the α/β or γ/δ TcR; most of the recent attention has been focused on the identification of unique cytokine secretion patterns in T cells obtained from the peripheral blood or detected within the affected tissues in SSc [107] . In fact, selective cytokine production by T lymphocytes has been considered to have a major impact on endothelial cell and fibroblast function, with possible effects promoting or inhibiting vascular disease and excessive collagen synthesis.
Th1 and Th2 cells Classically, CD4+ T helper cells have been categorized into the Th1 and Th2 subsets. Of major importance for the fate determination of CD4+ T helper cells is the cytokine milieu where T cell activation takes place. Thus, in the presence of IL-12 and interferons, T helper precursor cells become Th1 and high producers of IFN-γ, while in the presence of IL-4 and IL-2, they become Th2 and high producers of IL-4, IL-5, and IL-13 [5, 126] . Transcriptome analysis in animal models has shown that genes involved in wound healing and fibrosis are associated with Th2-polarized responses, characterized by the production of IL-4, IL-5, and IL-13 as opposed to Th1-polarized responses characterized by IFN-γ production [42, 94] . Considerable evidence indicates that indeed type 2 polarized responses are important for fibrosis development [116] [117] [118] . Initial observations suggested that T cells infiltrating the skin and other organs in SSc were functionally heterogeneous but preferentially polarized towards IFN-γ production and therefore belonging to the Th1-like subset [28] . With the development of more refined techniques and increased knowledge about T cell function, it has become more evident and widely documented that T cells secreting high levels of IL-4 (Th2-like subset) distinctly populate SSc tissues [9, 12, 25, 70, 82, 99] . These comprise classical CD4+ T helper cells [70, 99] but also CD8+ T cells [9] as well as T cells expressing simultaneously CD4 and CD8 and carrying both helper and cytolytic function, together with high production of IL-4 [82] . More recently, CD8+ T cells characterized by high production of IL-13 and expression of GATA-3 have been detected within the repertoire of Btype 2^cells present in SSc peripheral blood and involved skin, particularly during early phases of the disease [35, 36, 72] . While evidence indicating that the production of IL-4 and IL-13 is increased in SSc skin or lung, no polymorphisms associated with SSc or its phenotypes have been found in the genes of these cytokines [16] . In general, it is accepted that IL-4 and IL-13 enhance collagen synthesis [80, 83] , while IFN-γ yields inhibitory effects [90] (Fig. 1 ). In contrast with this notion, evidence has suggested that when fibroblasts are activated by T cell contact, inhibition rather than enhancement of type I collagen production is observed with both Th1 and Th2 cells [21, 24, 40, 41 ]. The molecular mechanisms are different, since IFN-γ neutralization reverses type 1 (Th1)-mediated inhibition, while Th2 cell-dependent inhibition is essentially mediated by tumor necrosis factor (TNF). Furthermore, the inhibition of collagen synthesis mediated by T cell contact is dominant over the pro-fibrotic responses induced by IL-4 and TGF-β. Importantly, it should be stressed that SSc fibroblasts are resistant to T cell contact-dependent inhibition, which likely reflects intrinsic differences with normal fibroblasts [21, 24] . A possible paradoxical function has been described also for TNF in the context of SSc. In fact, TNF normally exerts a profound (in vitro) anti-fibrotic effect by downregulating type I collagen production and by enhancing the production of matrix metalloproteinases (MMP), including MMP-1, which degrades native collagens [23, 105] . In contrast, it has been shown that costimulation of T cells obtained from the skin of SSc patients with TNF can enhance their ability to stimulate collagen production by fibroblasts [45] . Finally, Th1 and Th2 cells differentially regulate the production of chemokines by fibroblasts, Th1 preferentially inducing the anti-fibrotic anti-angiogenic IP-10 and Th2 inducing the pro-fibrotic, pro-angiogenic IL-8 [22] (Fig. 1) .
Regulatory T cells Regulatory T cells (Tregs) are thought to play a pivotal role in maintaining immunologic self-tolerance and preventing autoimmunity. Their ability to limit potentially dangerous immune responses and to regulate the function of other T cells is exerted by a variety of mechanisms including the production of immunosuppressive cytokines (TGF-β, IL-10), the inhibition by contact of effector T cells or antigenpresenting cells via surface molecules such as CTLA-4, or the expression of enzymes such as indoleamine 2,3-deoxygenase, which by reducing the availability of the essential amino acid tryptophan drives potent anti-proliferative effects [91] . At least two main types of Tregs are recognized: the natural Treg (nTreg) and the inducible Treg (iTreg) subsets. nTregs are CD4+ T cells generated in the thymus during the process of negative selection which allow retention of cells bearing TcR with an intermediate affinity for self-antigens associated with a developmental program leading to a regulatory phenotype [78] . iTregs develop from naïve, mature CD4+ T cells after encountering their nominal antigen within secondary lymphoid organs in the presence of TGF-β and high levels of IL-2 [126] . An intrinsic problem when studying Tregs, particularly in humans, is that no definitive marker faithfully segregates exclusively with their regulatory function as their phenotype is characterized by a substantial degree of plasticity [92] . Markers used for their identification include the intracellular expression of the transcription factor FOXP3, the surface high expression of CD25, the combination of CD45 isoforms with the above molecules [75] [66] . Their data show that both subsets retain an intact suppressive function and support the possibility that the quantitative deficit of Tregs may drive activation and proliferation of effector T cells. In another study, Treg proportions have been shown to be lower than controls within affected tissues but not in the peripheral blood [49] . A small prospective study conducted in seven SSc patients with diffuse skin phenotype found that the depressed Treg number and function were restored after autologous hematopoietic stem cell transplantation [10] . Aberrant epigenetic modifications such as hypermethylation of the FOXP3 gene have also been detected in Tregs from SSc patients and indicated as possible cause for decreased FOXP3 expression and lower circulating levels of this cell type [113] . It has been reported that X-chromosome inactivation is more skewed in SSc than in the general population and that this is not related to age. Skewed X chromosome usage correlates with lower FOXP3 expression in the CD25+ high Treg cells [17] . An intriguing twist to this topic has been brought about by the demonstration that FOXP3-positive cells with high IL-4 and IL-13 production are enriched in the skin of SSc patients compared to normal controls [64] . The authors concluded that these FOXP3+ T cells may indeed be Tregs with a functional Th2-like phenotype, which could contribute to enhance a profibrotic response in dermal fibroblasts. Of interest, this study also found that skin-infiltrating FOXP3+ T cells express high levels of the IL-33 receptor ST2 [64] and that the number of IL-13-producing FOXP3+ T cells is increased by culturing SSc skin biopsies in the presence of IL-33. This, together with the fact that only the skin but not peripheral blood FOXP3+ T cells manifested this aberrant Th2-like behavior, further supports the possibility that the skin of SSc patients provides the appropriate environment for transdifferentiation of Tregs (CD4+FOXP3+ T cells) toward a Th2-like phenotype with the consequent amplification of a pro-fibrotic loop.
Th17 cells In the presence of TGF-β, IL-6, and IL-1 or IL-1 and IL-23 to which IL-21 may also contribute, naïve CD4+ T cells initiate a differentiation program leading to a specialized subset of helper cells characterized by the preferential production of IL-17, henceforth named Th17 cells [3, 126] . Th17 cells produce high levels of IL-17A, IL-17F, IL-21, IL-22, CCL20; express the master transcription factors retinoic acid nuclear orphan receptor (ROR)γT and RORα; and depend on signal transducer and activator of transcription-3 (STAT-3). Th17 cells exert homeostatic functions such as protection against extracellular bacteria and fungi but have been also involved in the pathogenesis of several inflammatory and autoimmune disorders [20, 54] . While the frequency of Th17 lymphocytes is low in the peripheral blood of healthy individuals (~1 %), this subset undergoes recruitment and expansion in sites of active inflammation and tissue damage [4] . Increased levels of IL-17 and Th17 cells have been found in the peripheral blood as well as within target tissues (i.e., the skin) of SSc patients particularly during early phases and in association with ILD [27, 62, 63, 73, 86, 89, 106, 108, 120] . In addition, cytokines crucial for Th17 T cell priming and expansion such as IL-6 and IL-23 have been reported enriched in SSc subjects, and a polymorphism of the IL-23 receptor gene (IL23R) has shown association with diffuse SSc and antitopoisomerase 1 positivity [1, 41, 50]. In animal models, IL-17A does mediate fibrosis and SSc-like manifestations, as shown in the lungs and skin of the bleomycin as well as tight skin-1 (TSK-1/+) mice [37, 74, 79, 115] . Furthermore, Th17-polarized responses mediated lung fibrosis in a model of chronic hypersensitivity [102] . Consistently, IL-17A can also drive the activation of TGF-β and connective tissue growth factor (CTGF) pathways in fibroblasts derived from mouse skin and promote collagen production after epithelialmesenchymal transition in mouse alveolar epithelial cells in a TGF-β-dependent manner [74] . Human fibroblasts express functional IL-17 receptors and respond to IL-17A stimulation with proliferation, IL-6, IL-8 production, and ICAM-1 expression [31, 56] . However, Nakashima et al. reported that IL-17A exerts direct anti-fibrogenic properties towards normal human fibroblasts by upregulating miR-129-5p and downregulating CTGF and type I collagen [76] . SSc fibroblasts may escape this repressive effect of IL-17A because of the reduced expression of the IL-17RA subunit [76] . Others have found that IL-17A failed to increase type I and type III procollagen mRNA expressions in fibroblasts from healthy controls and SSc patients [56] . Our own findings support the contention that IL-17A does not favor type I collagen production by healthy and SSc fibroblasts but rather limits the transdifferentiation of fibroblasts into pro-fibrotic myofibroblasts, simultaneously favoring the production of IL-8, IL-6, MCP-1, and MMP-1 [15, 63, 108] . Thus, the bulk of evidence in humans, as opposed to rodents, indicates that IL-17 and in particular IL-17A simultaneously exert anti-fibrotic and pro-inflammatory activities, which net result may be that of containing rather than enhancing extracellular matrix (ECM) deposition (Fig. 2) . In this perspective, it is worth stressing that IL-17A activates endothelial cells, thus favoring inflammatory cell recruitment [119] . We have preliminary evidence indicating that IL-22 (which is produced by Th17 cells as well as by Th22 cells) shares these properties with IL-17 ([15], under revision). In this context, it is of interest to find that the majority of the cells positive for IL-17A in a normal skin are mast cells, which may engulf IL-17A from the extracellular milieu and release it upon degranulation (T. Noordenbos et al., Human mast cells engulf and store exogenous IL-17A. Oral communication 0226, EULAR, Paris, June 2014), although this has not been proven in SSc. In addition to IL-17A, other members of the IL-17 family have been documented in SSc, including IL-17F, IL-17C, and IL-17E (also known as IL-25). High IL-17E and low IL-17C dermal expression characterizes SSc as well as morphea when compared to healthy skin, thus suggesting that this expression pattern may be functionally linked to skin fibrosis [63] . However, since IL-17C does not directly act on fibroblasts and IL-17E enhances fibroblast inflammatory responses rather than collagen deposition, it could be possible that their effects are mediated by third party cells, including keratinocytes and macrophages. In this respect, it is worth noting that epithelial cells are the preferential targets of IL-17 family members and IL-22. Thus, the models in which the activities of these cytokines are studied should take into account the complex network of events, which are likely to take place in the skin and other organs undergoing fibrosis, notably the lung, where epithelial cells may play a role which is only now being unraveled.
Time-dependent changes Cutaneous mononuclear cell infiltrates are notably pronounced early or during the edematousinflammatory phase of SSc and then tend to disappear with transition to the sclerotic phase. Consistently, the majority of infiltrating T cells in SSc skin lesions express activation markers and secrete products of activated T cells such as soluble CD25 (the soluble form of the high-affinity IL-2 receptor chain), which have been found in fluid obtained from suction skin blister of SSc patients with early cutaneous disease [104] . A limited number of studies have examined biological samples obtained specifically early on after disease initiation or at later stages, documenting variability in the expression of T cell products or soluble mediators relevant for T cell polarization during the course of the disease. Data are not uniform as some authors have reported a higher frequency of Th1 cells in the peripheral blood and increased serum levels of IL-12, a cytokine favoring Th1 cell differentiation, in SSc patients during later phases of the disease, when fibrosis tends to regress [96, 98, 110] . Time-dependent changes have also been reported for IL-27, with higher serum levels early on followed by lower levels in late disease [122] . This suggests that IL-27 may contribute to the dysregualtion of the adaptive immune response in SSc pathogenesis.
Adhesion molecules and T cell polarization in fibrosis An unresolved issue in SSc is the identification of the driving forces leading to expanded Th2-like and Th17-polarized T cell responses in SSc. In this regard, an interesting contribution has been provided by in vivo experiments conducted in animal models recapitulating the phenotype of the stiff skin syndrome (SSS), a rare Mendelian disorder leading to diffuse skin fibrosis during childhood with autosomal dominant inheritance and complete penetrance. SSS is caused by heterozygous missense mutation FBN1, the gene encoding for fibrillin-1, the main constituent of extracellular microfibrils. Mutations causing SSS all localize in the only domain (TB4) of fibrillin-1 containing an Arg-Gly-Asp (RGD) motif, which mediates cellmatrix interactions by binding to cell-surface integrins. In this study, Gerber et al. showed that mice carrying the same mutations developed aggressive skin fibrosis associated with increased infiltrates of Th2 and Th17 cells, plasmacytoid dendritic cells (pDC), and B cells within the dermal layers. Integrin modulation or neutralization of TGF-β reversed this phenotype [38] . As such, this model support the hypothesis that abnormal assembling of the ECM can modify the availability of key mediators such as TGF-β, providing a favorable environment for the polarization of T cell responses toward stereotyped Th2 and Th17 expansion. Further experimental approaches are clearly needed to assess to which extent these data are applicable to SSc.
CD40-CD40 ligand interactions in SSc
Fibroblasts carry on their surface CD40 and can respond upon engagement of this receptor by CD40L (CD154), a member of the TNF family, expressed by activated T cells. Of interest, CD40 is upregulated on SSc fibroblasts and T cells from SSc patients exhibit a higher expression of CD40L. In addition, serum levels of both soluble CD40 and CD40L molecules are increased in SSc [34, 51, 53]. All these findings, together with the fact that blockade of the CD40-CD40L interaction attenuates fibrosis in the TSK-1 mouse model, indicate a possible role for this biologic axis in fibrogenesis [48, 52] .
Autoantigen-dependent T cell responses in SSc
The detection of expanded oligoclonal T cell subsets in affected skin or lungs (BALF) of SSc patients supports the notion that an antigen-driven, T cell-dependent process may be involved in SSc pathogenesis [26, 59, 82, 93, 124] . In line with these findings, T cells recognizing SSc-specific autoantigens such as topoisomerase-1 (topo-1) or RNA polymerase III (RNApol3) have been documented in humans [13, 44, 46, 57] . Most studies pursuing the detection of topo-1-specific T cells in the peripheral blood of SSc patients have been limited by poor clinical characterization of involved subjects and by the existence of technical challenges to detect ex vivo lowfrequency antigen-specific T cells, particularly in patients receiving immunosuppression. In fact, in many cases, the detection of autoreactive T cells has shown poor specificity as they were found also in anti-topo-1-negative patients as well as healthy controls [58, 81, 88, 112] . More recently, a close temporal association between the onset of SSc and the detection of cancer has been described in a subset of patients positive for anti-RNA polymerase III antibodies [101] . This observation has lead to the discovery that mutated autoantigens (RNApol3) are present in the tumors obtained from these patients and result in mutant-specific T cell immune responses as well as in the generation cross-reactive autoantibodies [46] . These findings support the possibility that, at least in some patients, an abnormal (mutated) cancer antigen may be the initial trigger for the autoimmune response in SSc. Despite this available evidence, no conclusive data have yet been provided to define whether autoantigen-specific T cell responses are amplified in SSc patients with active disease and contribute to the generation of distinct phenotypes through their effector function. Investigators tested in animal models whether the generation of autoimmune responses against topo-1 could drive a pathology resembling SSc. The immunization of mice prone to autoimmunity with the human recombinant protein induced the development of T cell responses and antibodies against topo-1 but did not drive any pathologic features resembling SSc [43] . In contrast, when C57BL/6 mice were repeatedly immunized with human topo-1 in the presence of Fig. 2 IL-17 exerts a wide array of different activities on human fibroblasts, which may vary according to the context in which they take place. Arrows and arrowheads indicate stimulation; blunted-ends indicate inhibition. Green boxes: endogenous and exogenous mediators that modify the context complete Freund's adjuvant, skin and lung fibroses in addition to autoimmune manifestations were generated [123] . Of interest, pathologic manifestations were associated with the increased production of IL-6 and IL-17 as well as higher levels of circulating IL-17-secreting T cells (Th17). This landmark report, which is still awaiting confirmation, indicates that beside an autoimmune background, a second trigger is needed, such as the one provided by repeated stimulation of the innate immune system by complete Freund's adjuvant, to direct the immune response toward a permissive pro-fibrotic milieu.
A further contribution to support the antigen-driven nature of the immune response in SSc comes from the observation that a higher proportion of SSc women have circulating male cells compared to controls. This, together with the fact that male cells can be recovered from tissues undergoing fibrosis, suggests that alloreactive T cells may be involved in SSc pathogenesis [8, 77] . The hypothesis that microchimerism may be mechanistically linked to SSc has also been driven by the close similarity between fibrotic skin lesions observed in SSc and graft-versus-host disease (GVHD) after allogeneic bone marrow transplantation. In fact, murine models of fibrosis have been developed based on chimerism and GVHD [125] .
Overall, these data lend support to the concept that T cells upon nominal antigen recognition may initiate an inflammatory process ultimately resulting in tissue fibrosis. It remains however possible that T cells may be only activated bystanders with functional characteristics depending on and not causing the underlying disease process. Furthermore, the possibility that T cells, at least in certain phases of the disease, may restrain rather than favor fibrosis cannot be fully disregarded.
B cells in SSc and fibrosis
Abnormal homeostasis and function of B cells have been implicated in the onset and progression of different systemic autoimmune disorders including scleroderma. Lesional skin and affected lung tissues from subjects with SSc demonstrate prominent B cell infiltration and a significant upregulation of B cell-related genes in affected SSc skin [60, 114] . Analysis of circulating B cell repertoire in SSc has shown expansion of the (CD27-)naïve B cell subset and the concurrent decline of memory B cell and plasmacellular components [95] . However, these memory B cells retain a strong immunoglobulin secretory function and exhibit upregulation of co-stimulatory molecules (CD80 and CD86) and CD95, suggesting a chronic activation state and an increased sensitivity to pro-apoptotic stimuli [95] . Accordingly, the expression of positive response regulators such as CD19 and the associated molecule CD21 (complement receptor type 2) are increased in naïve as well as memory B cells of SSc patients compared to healthy controls [95, 97] . A single nucleotide polymorphism (SNP) in the upstream region of CD19 gene has been associated with higher expression of this molecule in circulating B cells and susceptibility to SSc [109] . Loss of CD19 expression attenuates skin and lung fibrosis in the bleomycin-induced SSc mouse model [121] . It is possible that some subset of B cells could exert some regulatory or suppressive activity, with consequent inhibition of fibrosis. In fact, in a murine model of sclerodermatous chronic graft-versus-host disease, CD19 deficiency in donor B cells resulted in an exaggerated fibrotic response characterized by increased numbers of Th2 cells and enhanced production of TGF-β by macrophages in the involved skin. Such phenotype was attenuated by the infusion of donor B cells producing IL-10, consistently with a role for suppressor B cells in controlling fibrosis [61] .
A proliferation-inducing ligand (APRIL) and B cell activating factor (BAFF) are members of the tumor necrosis factor (TNF) superfamily exerting important homeostatic functions on B cells such as maturation, activation, and survival (antiapoptotic) [65] . Serum levels of BAFF and APRIL are increased in SSc patients compared to controls and are associated with specific clinical manifestations such as extent of skin involvement (BAFF) and the presence of pulmonary fibrosis (APRIL) [68, 69] . Secretion of APRIL from PBMCs was significantly higher in SSc patients compared to controls and was associated with diffuse skin phenotype, the presence of ILD, and anti-Scl70 positivity among other SSc clinical features [11] . In addition, B cells were shown to induce contactdependent human dermal fibroblasts activation with upregulation of, among other mediators, type I collagen. This B cell activity was enhanced by B cell activation in the presence of anti-IgM and BAFF [32] . Interestingly, BAFF serum levels are increased in the tight-skin (TSK/+) mouse model and blockade of the BAFF/BAFF-receptor interaction can prevent the development of skin fibrosis, inhibit autoantibody generation, and increase the production of anti-fibrotic cytokines (i.e., IFN-γ) [67] . In a bleomycin-induced model of pulmonary fibrosis, BAFF neutralization or BAFF gene deletion resulted in attenuated fibrosis. Of interest, BAFF production in that model was IL-1 and IL-17A-dependent and acted as an amplifying positive loop for IL-17A production by T cells [33] . All these data indicate that B cell activation and over activity are important features of the immune response in SSc, and that an imbalance of B cell homeostasis and function may contribute to the amplification of the inflammatory as well as fibrotic process in this disease.
Conclusions
T cells play distinct roles in SSc with regard to their ability to modulate the activity of fibroblasts and the turnover of ECM. This effector function mostly depends on the biological effects of the cytokines they produce (Figs. 1 and 2) . They also drive inflammatory responses, which can involve concurrently fibroblasts, endothelial, and epithelial cells. An imbalanced T regulatory function also seems to contribute to altered immune homeostasis in SSc. Defective B cells appear to exert pathogenetic functions beyond the mere production of autoantibodies and possibly include the ability to directly influence fibroblast activation. The main challenge ahead of us is to improve our ability to characterize dynamically the adaptive immune response as SSc progresses through its different stages (i.e., early vs late) and to define the key mediators driving the different SSc clinical phenotypes. Ultimately, it is likely that the significance of stereotyped immune responses observed in SSc vary according to the specific tissue, cellular, and biochemical environment in which they take place. Deciphering context-specific responses will lead to novel, fine-tuned, targeted therapeutic approaches. 
